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FIG. 4A

IMPEDANCE CHARACTERISTIC OF
SAMPLE BATTERY
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FIG. 4B
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FIG. 4C
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IMPEDANCE CHARACTERISTIC OF SAMPLE BATTERY
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CORRELATION COEFFICIENT BETWEEN
Zreal AND Zimg IN 0.1 Hz T0 10 kHz
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FIG. 8
IMPEDANCE CHARACTERISTIC OF SAMPLE CURRENT
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FIG. 9A
CORRELATION COEFFICIENT BETWEEN
Zreal AND Zimg IN 1 Hz TO 10 kHz
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FIG. 134

IMPEDANCE CHARACTERISTIC OF SAMPLE BATTERY
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FIG. 14
COMMAND OF
STARTING-UP OF
CALCULATION,
NOTIFICATION OF
TERMINAT ION
EQUIVALENT GIRCUIT
240 PARAMETER MEASURING UNIT |
| DATA STORAGE UNIT _ CALCULATOR | 8 WALYSLS
B - | COND T 10N . CONDTT 0N
5\{&;5 mgggﬁm — DFT ; STU%IR[ATGE I
DAA_) GDATAL || ] CALGULATOR | | 5
LT | ] 5 |
B | i
' 1 | IMPEDANGE le-—d i |
L — | cipourt | ! |
| otapabe |+ CONSTANT ;
L UNIT f : ESTIMATOR E §

Y
QUTPUT RESULT



U.S. Patent Sep. 20, 2016 Sheet 16 of 39 US 9,448,287 B2

FIG. 154

RESPONSE TO CONSTANT GURRENT PULSE
(WITH VOLTAGE SPIKES)
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FIG. 16
IMPEDANCE CHARAGTERISTIC OF SAMPLE BATTERY
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FIG. 17
IMPEDANCE CHARACTERISTIC OF SAMPLE BATTERY
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SPIKES

FIG. 18C
R1 R2 Cc2 R3 £3
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WiTH NO 14.84% | =6.92% | 121.11% | -10.25% | 26.68%
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FIG. 20
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FIG. 21A
IMPEDANCE CHARACTERISTIC OF SAMPLE BATTERY
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1
BATTERY MONITORING DEVICE

BACKGROUND

1. Technical Field

Embodiments described herein relates to a battery moni-
toring device. More specifically, the embodiments described
herein relates to battery monitoring device which can mea-
sure and monitor the state of a battery in real time in the
on-site such as a vehicle, a plant, or the like where the
battery is used actually while controlling the actual load of
the battery to a desired load state.

2. Related Art

Secondary batteries that are charged repetitively have
been widely used as a driving power source for a drive motor
of a hybrid vehicle, an electric vehicle, or the like. Further-
more, secondary batteries have been also widely used in
industrial fields, public institutions, general households, or
the like from the viewpoint that the secondary battery may
store energy which is obtained from solar power generation,
wind power generation, or the like with a relatively small
environmental load, without depending on fossil fuel.

In general, these secondary batteries are configured as a
battery module in which a predetermined number of battery
cells from which a desired output voltage is obtained are
connected in series, or as a battery pack in which a prede-
termined number of battery modules from which a desired
output voltage is obtained are connected in parallel to obtain
a desired current capacity (AH).

However, from a convenience aspect of a charging time,
traveling distance, and the like, currently, it is believed that
the lithium ion battery will become the mainstream for
secondary batteries that are mounted in vehicles as a driving
power source for a driving motor.

FIG. 32 shows a block diagram illustrating an example of
a battery system using the secondary battery in the related
art. In FIG. 32, a battery module 10 is configured in such a
manner that a plurality of battery cells 11, to 11,, and a
current sensor 12 are connected in series, and the battery
module 10 is connected to a load L in series.

A battery monitoring device 20 includes a plurality of A/D
converters 21, to 21, that are provided to independently
correspond to the plurality of battery cells 11, to 11,, and the
current sensor 12 that make up the battery module 10, and
a processing device 23 to which output data of the A/D
converters 21, to 21, , is input via an internal bus 22.

An output voltage of each of the battery cells 11, to 11,
of'the battery module 10 and a detection signal of the current
sensor 12 of the battery module 10 are input to the corre-
sponding A/D converters 21, to 21,,,, and are converted to
digital signals, and the output data of the A/D converters 21,
to 21,,,, is input to the processing device 23 via the internal
bus 22.

The processing device 23 obtains, for example, an internal
resistance value of each of the battery cells 11, to 11, ,,
based on the output data of the A/D converters 21, to 21, , |,
estimates a value corresponding to voltage drop at the time
of taking out a desired current from the internal resistance
value, and transmits this data to a host battery system
controller 40 via an external bus 30.

The battery system controller 40 controls the battery
module 10 and the load device L in order to stably drive the
load device L by a current output voltage of the battery
module 10 based on the data input from the battery moni-
toring device 20.

As an index of evaluating performance of the secondary
battery making up the battery module 10, an internal imped-
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ance characteristic shown in FIGS. 33 and 34 may be
exemplified. FIG. 33 shows a diagram illustrating an imped-
ance characteristic example in a case where a fully charged
battery is left as is in a high-temperature state, and FIG. 34
shows a diagram illustrating an impedance characteristic
example in the case of repeated charge and discharge in a
high-temperature state. In addition, in FIGS. 33 and 34, the
left-side drawing illustrates a Cole-Cole plot in which com-
plex impedance based on an AC impedance measurement
result is plotted in complex coordinates, and the right-side
drawing illustrates a Bode diagram showing an impedance
frequency characteristic.

The left-side drawing of FIG. 33 shows a process in which
the period left increases, for example, for one year, for two
years, . . . , AC impedance increases. The left-side drawing
of FIG. 34 shows a process in which as the charge and
discharge is repeated, for example, for 50 times, for 100
times, . . . , the AC impedance increases.

As the impedance increases, voltage drop of a battery
increases when producing a current, and thus a sufficient
output voltage may not be obtained. A low-frequency por-
tion of the right-side drawing corresponds to a case in which
an accelerator of a vehicle is continuously pressed for a long
time. From this data, since the impedance increases at the
low-frequency portion, it may be assumed that the voltage
drop gradually increases. That is, an output characteristic
varies according to deterioration of the battery, and thus a
sufficient output may not be produced.

FIG. 35 shows a block diagram illustrating an example of
a measuring circuit that measures the AC impedance of the
secondary battery in the related art, and in FIG. 35, the same
reference numerals are attached to the same parts as FIG. 32.
In FIG. 35, a sweep signal generator 50 is connected to both
ends of a serial circuit of the battery 10 and the current
sensor 12. This sweep signal generator 50 outputs an AC
signal in which an output frequency varies in a sweeping
manner within a range including a frequency characteristic
region shown in the right-side drawing of FIGS. 33 and 34
to the serial circuit of the battery 10 and the current sensor
12.

An AC voltage monitor 60 measures AC voltage of both
ends of the battery 10, and inputs this AC voltage to an
impedance calculator 80. An AC current monitor 70 mea-
sures an AC current that flows to the current sensor 12 and
inputs this AC current to the impedance calculator 80.

The impedance calculator 80 calculates complex imped-
ance of the battery 10, which is a ratio between a measured
voltage of the AC voltage monitor 60 at each frequency of
the output signal of the sweep signal generator 50 and a
measured current of the AC current monitor 70. The calcu-
lated complex impedance is plotted on the complex plane,
thereby obtaining the Cole-Cole plot shown in FIGS. 33 and
34.

From the Cole-Cole plot that is created in this way, for
example, each parameter of an equivalent circuit of the
battery 10 as shown in FIG. 36 may be estimated. In
addition, in the equivalent circuit of FIG. 36, a DC power
source B, a resistor R1, a parallel circuit of a resistor R2 and
a capacitor C2, a parallel circuit of a resistor R3 and a
capacitor C3, and a parallel circuit of a resistor R4 and an
inductance L[4 are connected in series. JP-A-2003-4780
discloses in detail measurement of impedance by an alter-
nating current method together with an automatic measure-
ment method.

On the other hand, a controller as disclosed in Non-patent
document 1 has been developed (and put into practical use)
to monitor the state of a lithium ion battery mounted in a
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vehicle and supply a higher-level system with information
for maximum utilization of battery performance as well as to
stop the system if an abnormality as renders the user in
danger should occur.

PRIOR ART DOCUMENTS

Patent Documents

[Patent document 1] JP-A-2003-4780 10

Non-Patent Documents

[Non-patent document 1] Shinjiro Hold and other five
persons, “Development of Lithium Ion Battery Controller,” !
Calsonic Kansei Technical Review, Calsonic Kansei Corpo-
ration, Vol. 7, 2010, pp. 6-10.

As described above, since various kinds of information of
a battery may be obtained through measurement of the
internal impedance characteristic of the battery, when the
internal impedance characteristic of the battery may be
measured in the on-site such as a vehicle, a power plant, a
household power storage system, and the like that actually
use the battery, a present state of the battery may be
ascertained based on the information, and the battery may be
controlled so as to be effectively used to the maximum
depending on the present state of the battery.

However, in the system configuration in the related art
shown in FIG. 32, the internal resistance value of each of the
battery cells 11, to 11, may be obtained, but since data
communication between the processing device 23 and the
battery system controller 40 is performed intermittently,
voltage data of each of the battery cells 11, to 11,, becomes
discrete data of which a period is, for example, 100 ms or
more.

As a result thereof, only a state of each of the battery cells
11, to 11, may be detected with reference to a table including
a voltage, a current, a temperature, and the like that are
instantaneous ones or ones obtained by integration averag-
ing over a prescribed time, and the internal impedance
characteristic of each of the battery cells 11, to 11,, in which
many pieces of information are collectively contained may
not be measured.

In addition, according to the measuring circuit in the
related art as shown in FIG. 35, the sweep signal generator
50 is necessary, and it is difficult to mount the measuring
circuit as shown in FIG. 35 in each of the on-site cells in
terms of both cost and space.
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SUMMARY OF THE INVENTION

It is an illustrative aspect of the invention to provide a
battery monitoring device which can measure an internal
impedance characteristic of a battery and monitor its state in
real time in the on-site such as a vehicle, a power plant, a
household power storage system, or the like where the
battery is used actually while controlling the actual load of
the battery to a desired load state.

According to one or more illustrative aspects of the
present invention, there is provided a battery monitoring
device for real-time measurement and monitoring of a
battery module driving an actual load and having a plurality
battery cells connected together in series, comprising:

a plurality of power and impedance calculators provided
for the respective battery cells, and configured to receive
voltage signals and current signals from the battery cells,
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respectively and to measure instantaneous power values and
internal impedance characteristics of the battery cells,
respectively; and

a battery module state manager configured to receive
output data of the power and impedance calculators via an
internal bus.

According to one or more illustrative aspects of the
present invention, the battery monitoring device may further
comprise an accelerator work monitor configured to monitor
movement of an accelerator which is part of a vehicle
driving system as a load device of the battery module, and
to supply a resulting detection signal to the power and
impedance calculators and the battery module state manager.

According to one or more illustrative aspects of the
present invention, each of the power and impedance calcu-
lators may be configured to perform discrete Fourier trans-
formation or fast Fourier transformation, and to estimate
constants of an equivalent circuit that exhibits an internal
impedance characteristic of the associated battery cell in a
desired frequency domain on the basis of results of the
discrete Fourier transformation or fast Fourier transforma-
tion.

According to one or more illustrative aspects of the
present invention, each of the power and impedance calcu-
lators may be configured to acquire measurement data at
such a time resolution and in such a time span that optimum
estimation of a time constant of reaction occurring in a
battery cell is enabled according to the reaction time con-
stant, and to estimate constants of an equivalent circuit that
are considered to govern the time constant using the
acquired measurement data.

According to one or more illustrative aspects of the
present invention, the power and impedance calculators may
be configured to receive pieces of temperature information
of the battery cells, respectively.

According to one or more illustrative aspects of the
present invention, the battery monitoring device may further
comprise a pseudo-load device connected to the actual load
in parallel and configured to generate a waveform including
high-frequency components.

According to one or more illustrative aspects of the
present invention, the battery monitoring device may further
comprise a load control unit configured to drive and control
the actual load according to a load program.

According to the invention to provide a battery monitor-
ing device which can measure an internal impedance char-
acteristic of a battery and monitor its state in real time in the
on-site such as a vehicle, a power plant, a household power
storage system, or the like where the battery is used actually
while controlling the actual load of the battery to a desired
load state.

Other aspects and advantages of the present invention will
be apparent from the following description, the drawings
and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a block diagram illustrating a specific
example of a battery monitoring device according to an
embodiment of the invention;

FIG. 2 shows a block diagram illustrating a specific
example of a power and impedance calculator 24;

FIG. 3 shows a block diagram illustrating a specific
example of an equivalent circuit parameter measuring unit
24c¢ of FIG. 2;

FIGS. 4A to 4D show diagrams of an impedance charac-
teristic example of a battery;
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FIGS. 5A and 5B show diagrams of a constant-estimation
impedance characteristic example with respect to an equiva-
lent circuit of FIG. 36;

FIG. 6 shows a block diagram illustrating another
example of an equivalent circuit parameter measuring unit
24¢ of FIG. 2,

FIG. 7 shows a graph of a correlation coefficient Corr(i)
where a is 4,

FIG. 8 shows a diagram of a sample impedance charac-
teristic example;

FIG. 9A shows a graph of another correction coeflicient
and FIG. 9B shows a diagram of another sample impedance
characteristic example;

FIGS. 10A and 10B show diagrams of the other sample
impedance characteristic example;

FIG. 11 shows a diagram of a rectangular wave pulse f(t)
characteristic example;

FIG. 12 shows a diagram of a specific example of
weighting;

FIGS. 13A and 13B show drawings illustrating example
results of constants estimation performed with the weighing;

FIG. 14 shows a block diagram illustrating another
example of an equivalent circuit parameter measuring unit
24¢ of FIG. 2,

FIGS. 15A and 15B show drawings illustrating the mea-
sured response example to a constant current pulse;

FIG. 16 shows a drawing illustrating the Nyquist plots
example;

FIG. 17 shows a drawing illustrating the measurement
results of respective circuit constants of the equivalent
circuit model of FIG. 36 and an impedance characteristic
curve for fitting derived from the measurement result;

FIG. 18A to 18C show drawings illustrating the compari-
son example of sample impedance obtained with and with-
out detection of spikes;

FIG. 19 shows a block diagram illustrating another
example of an equivalent circuit parameter measuring unit
24¢ of FIG. 2,

FIG. 20 is a flowchart illustrating a process for correcting
inductance L. components;

FIGS. 21A and 21B show drawings illustrating the result
example of equivalent circuit fitting that was performed
using waveform data with spikes as corrected according to
the process of FIG. 20;

FIG. 22 shows a block diagram illustrating another
example of a power and impedance calculator 24;

FIG. 23 shows a block diagram illustrating another
embodiment of the invention;

FIG. 24 shows a block diagram illustrating the other
embodiment of the invention;

FIG. 25 shows a block diagram illustrating another
example of an equivalent circuit parameter measuring unit
24¢ of FIG. 2,

FIG. 26 shows a diagram of an impedance characteristic
example of a battery;

FIG. 27 shows a diagram of an equivalent circuit example
of the battery in FIG. 26;

FIG. 28 shows a diagram of a long fitting subject interval;

FIG. 29 shows a drawing of an impedance characteristic
example derived from circuit constants that were estimated;

FIG. 30 shows a diagram of a short fitting subject interval;

FIG. 31 shows a drawing of an impedance characteristic
example derived from circuit constants that were re-esti-
mated;

FIG. 32 shows a block diagram illustrating an example of
a battery system using a secondary battery in the related art;
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FIG. 33 shows a diagram illustrating an impedance char-
acteristic example in a case where a fully charged battery is
left in a high-temperature state;

FIG. 34 shows a diagram illustrating an impedance char-
acteristic example in the case of repeated charge and dis-
charge in a high-temperature state;

FIG. 35 shows a block diagram illustrating an example of
a measuring circuit that measures the AC impedance of the
secondary battery in the related art;

FIG. 36 shows a diagram of an equivalent circuit example
of a battery; and

FIG. 37 is a schematic diagram showing a hardware
configuration of the battery monitoring device according to
the embodiment.

DETAILED DESCRIPTION

Hereinafter, embodiments of the invention will be
described in detail with reference to the attached drawing.
FIG. 1 is a block diagram illustrating an embodiment of the
invention, and the same reference numerals are attached to
the same portions as FIG. 32. In FIG. 1, a battery monitoring
device 20 includes a plurality of n power and impedance
calculators 24, to 24, that are provided in correspondence
with a plurality of battery cells 11, to 11, that make up a
battery module 10, a battery module state manager 26 to
which output data of the power and impedance calculators
24, to 24, is input via an internal bus 25, and an accelerator
work monitor 27 that monitors movement of an accelerator
L1 makes up a driving system of a vehicle as a load device
L.

In the driving system of a vehicle as the load device L, the
accelerator L1, an inverter 1.2, and a motor L3 are substan-
tially connected in series. The inverter [.2 and the battery
module 10 are connected in series, and driving power
necessary for rotary driving of the motor L3 is supplied from
the battery module 10. A speed of the motor L3 is controlled
to rotate at a driver’s intended rotational speed by control-
ling an amount of driving power that is supplied to the
inverter [.2 in response to movement of the accelerator [.1
that is manipulated by the driver, for example, by using a
pedal.

The movement of the accelerator [.1 in response to the
pedal manipulation by the driver is continuously monitored
and detected by the accelerator work monitor 27, and a
detection signal thereof is input to the power and impedance
calculators 24, to 24, via the battery module state manager
26 and the internal bus 25.

A voltage signal from each of the corresponding battery
cells 11, to 11,, and a current signal from the current sensor
12 are input to the power and impedance calculators 24, to
24,.

Here, the movement of the accelerator L1 in response to
the pedal manipulation by the driver causes a variation such
as rising and falling like a staircase wave including broad-
band frequency components with respect to an output volt-
age waveform of each of the battery cells 11, to 11,, and an
output current waveform of the current sensor 12.

In the embodiment of the invention, the power and
impedance calculators 24, to 24, perform discrete Fourier
transformation (DFT) or fast Fourier transformation (FFT)
with respect to waveform data including the broadband
frequency components, and estimate an equivalent circuit
constant in a desired frequency domain from this result. The
internal impedance characteristic of the battery may be
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measured in the on-site such as a vehicle and a plant that
actually use the battery, and the battery state may be
monitored in real time.

The battery module state manager 26 fetches instanta-
neous power information and internal impedance informa-
tion, which are measured by each of the power and imped-
ance calculators 24, to 24,,, of the respective battery cells 11,
to 11,, that make up the battery module 10, and transmits the
data to a host battery system controller 40 via the external
bus 30.

The battery system controller 40 controls the battery
module 10 and the load device L based on data that is input
from the battery monitoring device 20 so as to stably operate
the load device L with a current output voltage of the battery
module 10, ascertains a transitional situation in the perfor-
mance of each of the battery cells 11, to 11,, based on a
variation trend of an amount of instantaneous power of each
of'the battery cells 11, to 11,,, a variation trend of the internal
impedance information, or the like, dispatches an alarm that
urges the charging to be performed, or outputs replacement
time prediction data about the battery module 10, or the like
by analyzing performance deterioration trend.

FIG. 2 shows a block diagram illustrating a specific
example of the power and impedance calculator 24. In FIG.
2, a voltage signal V of each of the battery cells 11, to 11,
is input to an A/D converter 245 via an anti-aliasing filter
24a, and output data of the A/D converter 245 is input to an
equivalent circuit parameter measuring unit 24c.

A current signal I from the current sensor 12 is input to an
A/D converter 24e via an anti-aliasing filter 24d, and output
data of the A/D converter 24e is input to the equivalent
circuit parameter measuring unit 24c.

The A/D converters 245 and 24e are operated by a
variable clock system that is made up by the battery module
state manager 26, an accelerator variation amount detector
24f, a clock controller 24g, and a variable clock generator
24h, and that is created based on an accelerator variation
signal that is detected by the accelerator work monitor 27
and is output therefrom. Due to this, there is generated a
clock based on driver’s accelerator work such as start-up,
acceleration, high-speed travel, low-speed travel, decelera-
tion, stop, retraction, and a speed thereof, and the voltage
signal V and the current signal I in each state are converted
to digital data.

In addition, a sampling clock frequency of the A/D
converters 245 and 24e may be changed in response to a
frequency band at which the internal impedance of each of
the battery cells 11, to 11, is desired to be measured. For
example, in the case of measuring the internal impedance up
to 1 kHz, the sampling clock frequency is set to 2K sample/s,
and a low-pass band of the anti-aliasing filters 24a and 244
is set to 1 kHz or less.

An equivalent circuit information storage unit 247, which
stores equivalent circuit information such as an equivalent
circuit pattern of each of the battery cells 11, to 11,, that are
desired to be measured, is connected to the equivalent circuit
parameter measuring unit 24c. Each parameter of the
equivalent circuit, which is measured in the equivalent
circuit parameter measuring unit 24e, is fetched to the
battery module state manager 26 via the internal bus 25.

Output data of the A/D converters 24b and 24e is also
input to a power measuring unit 24;. Due to this, the power
measuring unit 24;j measures instantaneous power of each of
the battery cells 11, to 11,,, and stores the measured result in
a power information storage unit 24%. The power informa-
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tion stored in the power information storage unit 24k is
fetched to battery module state manager 26 via the internal
bus 25.

FIG. 3 shows a block diagram illustrating an embodiment
of the invention, which has an impedance estimation func-
tion in an arbitrary frequency, and shows a specific example
of the equivalent circuit parameter measuring unit 24c
making up the power and impedance calculator 24 of FIG.
2. Output data of the A/D converters 245 and 24e is
sequentially stored in a waveform data storage unit cl.

A DFT calculator ¢2 performs discrete Fourier transfor-
mation with respect to waveform data of the voltage signal
and the current signal that are sequentially stored in the
waveform data storage unit el, calculates impedance by
dividing a discrete Fourier transformation result of the
voltage signal by a discrete Fourier transformation result of
the current signal, and stores the calculated impedance data
in an impedance data storage unit c¢3. In addition, depending
on a type of the waveform data, high-speed of a calculation
process may be realized by using a FFT calculator in place
of the DFT calculator c2.

A circuit constant estimator c4 performs constant fitting in
an equivalent circuit model, which is designated in advance,
based on the impedance data that is stored in the impedance
data storage unit c3. In regard to a circuit constant, which is
estimated and calculated by the circuit constant estimator c4,
for example, in the case of an equivalent circuit shown in
FIG. 3, R4 and L4 are stored in a non-variable circuit
constant storage unit ¢5, and R1, R2, C2, R3, and C3 are
stored in a circuit constant storage unit c6.

An impedance estimator c¢7 outputs impedance at an
arbitrary frequency. With respect to a frequency domain at
which impedance data is present, impedance data that is
stored in the impedance data storage unit c3 is output as is.
With respect to a frequency domain at which impedance data
is not present, impedance is estimated and calculated based
on a circuit constant that is stored in the non-variable circuit
constant storage unit ¢5 and the circuit constant storage unit
¢6, and the calculation result is output.

An analysis condition from the outside is stored in an
analysis condition storage unit c8. The analysis condition
mainly represents a calculation condition in each calculator,
but also includes information about reference measurement
or measurement at the time of being mounted in a system.

In recent years, research on ascertaining a battery state has
been actively performed. In this research, an impedance
characteristic is obtained by applying a sign wave with a
constant voltage or a constant current with respect to the
battery, and a temperature characteristic of charge and
discharge, a remaining amount of charge, a degree of
performance deterioration, or the like is estimated.

In a single body state before a battery is mounted in a
system such as a vehicle, impedance measurement may be
performed in a prepared measurement environment, but
when the battery is mounted in a system, the impedance
measurement may not be performed sufficiently due to
restriction on the system or the like, Particularly, when the
battery is mounted as a driving power source of the vehicle,
a sample rate on the system side is insufficient, and thus it
is assumed that a high frequency domain may not be
sampled. In this case, comparison in correspondence with a
measurement range that is measured in advance may be
impossible.

FIGS. 4A to 4D shows a drawing of an impedance
characteristic example of the battery, in which FIG. 4A
shows a result that is measured while sweeping a sine wave
in a frequency range of 1 Hz to 2.5 kHz and securing a
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sufficient sample rate at each measurement frequency point.
Then, FIG. 4A is set as a reference characteristic.

FIG. 4B shows a result that is obtained by taking out a
frequency range of 1 to 50 Hz from the reference charac-
teristic of FIG. 4A. This assumes a case in which a high
frequency domain may not be measured due to restriction
when the battery is mounted, for example, in a vehicle
system. A positive side (a lower half portion of a graph) of
an imaginary axis that is shown in. FIG. 4A is a region

5

including L. (inductance) information of the battery, but in 10

FIG. 4B, this portion is completely omitted.

The inductance of the battery is a structural characteristic,
and is considered not to vary with the passage of time due
to deterioration of an electrode or an electrolytic solution.
Based on this consideration, an equivalent circuit constant is
obtained in advance from the reference characteristic of FIG.
4A, and this constant may be used with respect to a constant
that does not vary with the passage of time even after the
battery is mounted in a system.

FIG. 4C shows an impedance characteristic curve that is
derived from R1, R2, R3, C2, C3, L4, and R4, and that is
obtained by performing the constant fitting of the reference
characteristic of FIG. 4A based on the equivalent circuit
model of FIG. 14. The fitting may be performed based on a
known arithmetic expression.

FIG. 4D shows an impedance characteristic curve that is
derived from a result obtained by performing the constant
fitting based on the equivalent circuit model of FIG. 14 by
using circuit constants R1, R2, R3, C2, and C3 that are
estimated in FIG. 4B, and [.4 and R4 that are acquired in
advance. The impedance characteristic curve of FIG. 4D is
approximately equal to the impedance characteristic curve
of FIG. 4C. That is, the impedance characteristic in a
frequency domain corresponding to the reference character-
istic of FIG. 4A may be estimated by using the estimated
circuit constants R1, R2, R3, C2, and C3 that are estimated
in FIG. 4B, and [.4 and R4 that are acquired in advance.

In addition, in the embodiment of FIG. 3, the impedance
estimation is performed by applying the non-variable circuit
constant to the equivalent circuit model. However, instead of
applying the non-variable circuit constant to the equivalent
circuit, time-series data may be created from the non-
variable circuit constant, this may be supplemented to time-
series data that is measured, and then another circuit con-
stant may be estimated.

In addition, in the embodiment in FIG. 3, the constant
estimation is performed on the assumption that the L com-
ponent does not have an effect on the low frequency domain.
Therefore, the non-variable circuit constants .4 and R4 are
not included in the equivalent circuit model during the
constant estimation, and the non-variable circuit constants
L4 and R4 are used only during the impedance estimation.
However, there is a probability in that the L component may
have an effect on the low frequency domain in accordance
with a battery characteristic. In this case, the constant
estimation may be performed after the non-variable circuit
constants [ 4 and R4 are included in the equivalent circuit
during the constant estimation.

However, at the time of selecting the equivalent circuit
model of the battery, in a case where an appropriate equiva-
lent circuit model is selected after a characteristic inherent to
a battery that is an object to be measured or a measurement
frequency range is not recognized in advance, as shown in
diagrams of an impedance characteristic example of FIGS.
5A and 5B, a constant estimation result that is different from
an actual value may be obtained.

15

25

30

35

40

45

50

55

60

10

FIGS. 5A and 5B show results obtained by extracting data
of different frequency ranges from the same impedance data,
respectively, and by performing constant estimation in the
equivalent circuit of FIG. 14. FIG. 5A is a result that is
obtained by extracting 0.1 Hz or more, in which an imped-
ance characteristic curve derived by constant fitting and an
actual impedance characteristic are consistent with each
other.

Conversely, FIG. 5B is a result that is obtained by
extracting 1.0 Hz or more, in which an actual impedance
characteristic is greatly deviated from an impedance char-
acteristic curve derived by constant fitting. This is assumed
to be because even though an actual product is provided with
a Warburg element, a characteristic thereof is not signifi-
cantly reflected on data and thus may be locally deficient. In
this way, even in the same equivalent circuit model, when
impedance frequency ranges that are used in the constant
estimation are different from each other, results that are
completely different from each other may be obtained.

This problem may be avoided by selecting an optimal
equivalent circuit model based on a characteristic of imped-
ance data by using a unit that is configured as shown in FIG.
6 as the equivalent circuit parameter measuring unit 24¢, and
accuracy of the circuit constant estimation may be
improved.

FIG. 6 shows a block diagram illustrating another
embodiment of the equivalent circuit parameter measuring
unit 24¢, and the same reference numerals are attached to the
same portions as FIG. 3. In FIG. 6, a circuit model selector
c9 selects an optimal equivalent circuit model based on
impedance data characteristic that is estimated in the DFT
calculator ¢2 and is stored in the impedance data storage unit
c3. The circuit constant estimator c4 performs estimation
and calculation of each circuit constant based on impedance
data that is stored in the impedance data storage unit ¢3 and
the optimal equivalent circuit model that is selected in the
circuit model selector c9.

A battery equivalent circuit model that is generally used
includes an RC parallel circuit of n stages, an LR parallel
circuit of one stage, and a Warburg element. Therefore, the
circuit model selector ¢9 sequentially determines a specific
configuration of the equivalent circuit model in the follow-
ing order.

1) Whether or not the Warburg element is present

2) Whether or not the LR parallel circuit is present

3) The number of stages of the RC parallel circuit

1) First, in regard to the Warburg element, whether or not
the Warburg element is present is determined by using a
correlation coefficient of impedance real axis and imaginary
axis on a low frequency side. For example, in the case of
Corr <0.99, it is determined that Warburg is present. The
correlation coefficient is calculated by the following expres-
sion.

ita . .
Z (zreal; - mti)(Zimgj - Zngitz)

j=ia

M

Cort(i) =

i+a 2
Z (Zreal - Z‘@iti)

j=i-a

N
\/ (zimg; - Zimg, <)’

Jj=i—a

Here, Corr (i) represents a correlation coefficient at the
periphery of i” impedance data, Zrealj and Zimgj represent
a real part and an imaginary part of j impedance data,
respectively.
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The above expressions (2) and (3) represent average
values of the real part and the imaginary part of i-a” to i+a”
impedance data, respectively. In addition, it is assumed that
the impedance data is arranged in ascending order of a
frequency.

FIG. 7 shows a graph of the correlation coefficient Corr(i)
in which a is four. In this current sample data, it is deter-
mined that Warburg is “present”.

2) Next, whether or not the LR parallel circuit is present
is determined. When the impedance imaginary axis on a
high frequency side shows a positive value, it is determined
that the LR parallel circuit is necessary. In the case of a
sample impedance characteristic diagram of FIG. 8, it is
determined that the LR parallel circuit is “present”.

3) Finally, the number of stages of the RC parallel circuit
is determined. This determination is performed with the
number of times when the correlation coefficient exceeds
Corr(i) of -0.95 in a direction from the negative to the
positive in whole data. However, a case in which the
imaginary axis of the impedance exceeds the Corr(i) of 0.95
in a positive domain is regarded as a LR characteristic and
thus the case is not counted. In sample data shown in FIG.
9A, the correlation coefficient exceed -0.95 at three points
of a, b, and ¢, but as shown in FIG. 9B, since the ¢ point
exceeds —0.95 at a positive domain in which the impedance
imaginary axis exceeds 320 Hz, this case is not counted, and
the RC parallel circuit is determined as two stages.

Due to this determination, estimation accuracy of each
circuit constant that is estimated and calculated in the circuit
constant estimator c4 is improved.

When voltage and current data may be acquired under a
sufficient measurement environment, the impedance charac-
teristic may be extracted. However, for example, in a state
in which the battery is mounted in the vehicle, due to an
effect such as noise, it is difficult to say that a preferable
measurement result is always obtained.

In this case, the constant estimation and calculation may
be performed in parallel after selecting a plurality of equiva-
lent circuit model candidates, and an equivalent circuit
model in which an error with object impedance data is the
minimum may be determined as an ultimate output.

In addition, there may be provided a function of calcu-
lating an error with object impedance data at any time during
repetitive calculation, of stopping the calculation with
respect to a model that does not satisfy a reference value or
a model that does not clearly converge, and of selecting
another model.

In the process that the circuit constants estimator c4
estimates circuit constants, the accuracy of circuit constants
estimation can be increased by weighting individual data
according to such conditions as a frequency range and
measurement accuracy.

Where the impedance characteristic is acquired through a
sweeping of pure sine waves, an amplitude can be set for
each frequency taking the A/D conversion resolution of the
A/D converters into consideration. In contrast, where a
waveform such as a pulse which includes plural frequency
components is used, the amplitude of each frequency com-
ponent cannot be controlled. In this case, there may occur an
event that at a certain frequency component the A/D con-
version resolution is too low to produce a correct impedance
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value. If circuit constants of an equivalent circuit model are
estimated using resulting data, an estimation result may have
large errors.

Sample data shown in FIG. 10A are the same as the
sample data shown in FIG. 4C which correspond to the
equivalent circuit of FIG. 36. FIG. 10A shows impedance
data obtained from sine wave responses and an impedance
characteristic curve obtained through constant fitting. Mea-
surements were performed in such a manner that a sweeping
of sine wave was done in a frequency range of 1 Hz to 2.5
kHz and a sufficiently high sampling rate was secured at
each measurement frequency. These circuit constants are
assumed to be true ones.

FIG. 10B shows results obtained from pulse responses.
The constants R4 and .4 are given the values obtained from
the sine wave responses. Measurements were performed
using a sampling rate of 1 kHz and discrete Fourier trans-
formation was performed in a frequency range of 1 to 450
Hz. Because of the low sampling rate, inductance compo-
nents that should appear on the high-frequency side were not
captured. The measurement results vary to a larger extent as
the frequency increases, which would be due to an amplitude
distribution of individual frequency components of a pulse
and the A/D conversion resolution of the A/D converters.

Now, consideration will be given to frequency compo-
nents of a rectangular wave pulse f(t) by developing into a
Fourier series. The rectangular wave pulse f{(t) is expressed
as follows (see FIG. 11):

ul 2n
fo = Z amsinm?t

m=0

where W is the pulse width, T is the period, and m is an
integer that is larger than or equal to 0.

As seen from the above equations, the amplitude a,,
becomes very small at certain frequencies and A/D conver-
sion results may have a large variation around those fre-
quencies.

The accuracy of the estimation of equivalent circuit
constants may be lowered by such a variation. Certain
weighting is considered effective in suppressing the influ-
ence of such a variation.

A case of using a Gauss-Newton method for the estima-
tion of circuit constants will be described below as a specific
example. The deviations of circuit constants from true
values, AR2, AC2, AR3, and AC3, are expressed as follows:

AR2 Az

AC2 _ Az
L el

AR3

AC3 AZjen

where Az, is the difference between an nth measured imped-
ance and an impedance value calculated at the same fre-
quency on the basis of current circuit constants, J is the
Jacobian, and T means matrix transposition. The above
calculation is performed repeatedly until the circuit con-
stants converge. Circuit constants are estimated (calculated)
according to the following equation by introducing weights

p@):
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AR2 p(DAz;
AC2| | PO
AR3
AC3 pAz,

An effect of suppressing the influence of a variation is
expected by setting large weights in a frequency range of
small amplitudes and small weights in a frequency range of
large amplitudes.

Where the response to an input has a shape that is close
to a pulse, the following weighting (see FIG. 12), for
example, is considered effective because of the properties of
a Fourier series:

0 when f;/ fo = (T /W)
p()=4 10 when f;/fo=(T/W)k-1/2)
0.1 else

where, k is an integer that is larger than or equal to 0, {, is
a frequency corresponding to a DFT calculation interval as
a period, f; is the jth frequency for f,.

FIGS. 13A and 13B illustrate example results of circuit
constants estimation performed in the above-described man-
ner. FIG. 13A shows an example impedance characteristic,
and FIG. 13B shows deviations of sets of estimated circuit
constants with and without the weighting from true values.
All the circuit constants that were estimated with the weight-
ing are closer to the true values than without the weighting.

FIG. 14 is a block diagram showing another specific
example of the equivalent circuit parameter measuring unit
24¢. Components having the same or corresponding ones in
FIG. 3 or 6 are given the same reference symbols as the
latter. A circuit constants estimator c4 shown in FIG. 14
performs a data weighting calculation etc. on the basis of
impedance data stored in the impedance data storage unit c3
and a weighting function, a frequency range, etc. that are set
through the analysis condition storage unit c8.

With the above measures, as described above, the accu-
racy of estimation of circuit constants can be increased.

A spike-shaped voltage (current) occurs when a pulse-
shaped current (voltage) having a steep rise is applied to a
battery having a large inductance component. In such an
event, if the sampling rate of the A/D converters is not
sufficiently high, whether the spike portion is sampled or not
is uncertain, that is, depends on sampling timing (see FIGS.
15A and 15B).

FIGS. 15A and 15B show example measured responses to
a constant current pulse. FIG. 15A shows a case that voltage
spike portions were sampled, and FIG. 15B shows a case
that voltage spike portions were not sampled.

In calculating impedance values of a battery, much dif-
ferent sets of impedance calculation results are obtained
when spike portions are sampled and when spike portions
are not sampled (the reproducibility is very low).

FIG. 16 shows example Nyquist plots obtained from
respective sets of impedance data. The curve “-A-" repre-
sents a result obtained for sine wave inputs. As mentioned
above, a measurement was performed for a sine wave having
each frequency with a sufficiently high sampling rate. Since
sine waveforms were sufficiently smooth, no spikes
occurred in responses unlike in the case of pulse input. In the
following, this result represented by the curve “-A-” is
assumed to have true values.
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The curve “-[J-” represents a result obtained by perform-
ing discrete Fourier transformation on data in which spikes
were detected. This result as a whole deviates to a large
extent from the true values of the curve “-A-” because the
sampling rate is not high enough to capture spike portions.

The curve “-x-” represents a result obtained by perform-
ing discrete Fourier transformation on data in which no
spikes were detected. Since no spike portions were captured,
the curve does not extend downward past the imaginary axis
and hence lacks an inductance component. It is apparent
from the above discussion that much different characteristics
appear when spikes are detected and when not.

There is a notion that the inductance of a battery is a
structure-dependent parameter and does not vary with age
due to such factors as degradations of electrodes and a
solution. As mentioned above, spikes are caused by the
inductance of a battery. And, in diagnoses as to battery
degradation, there is a case in which only R and C compo-
nents are necessary (i.e., an L. component need not be
measured). In such a case, resistance R and capacitance C of
a battery can be estimated and a diagnosis as to battery
degradation can be made if a sufficient amount of, correct
information exists on the negative side of the imaginary axis
(i.e., in the upper half of the complex plane).

FIG. 17 shows impedance data obtained in such a manner
that a sweeping of sine wave was done in a frequency range
of' 1 Hz to 2.5 kHz and a sufficiently high sampling rate was
secured at each measurement frequency and an impedance
characteristic curve derived from constants R1, R2, R3, C2,
C3, L4, and R4 that were obtained through constant fitting
using the equivalent circuit model of FIG. 36. In the fol-
lowing, these measurement results will be assumed to be
true ones.

FIGS. 18A and 18B compare impedance characteristics
obtained with and without detection of spikes. FIG. 18A
shows data of a case that spikes were detected in a pulse
response, and FIG. 18B shows data no spikes were detected
in a pulse response. For the data of the case that no
inductance [ component was detected, R4 and [.4 were
removed from the equivalent circuit model.

FIG. 18C shows deviations of sets of estimated circuit
constants with and without detection of spikes from true
values. As for the R and C constants, it is seen that results
that are close to true values are obtained by performing
fitting on the basis of data without detection of spikes. That
is, even if the sampling rate is not sufficiently high, a
waveform with no spikes allows, at a sufficiently high
probability, estimation of R and C constants. However, it is
difficult to acquire a waveform with no spikes with high
reproducibility.

In view of the above, consideration will be given to how
to estimate R and C constants with high reproducibility and
accuracy by correcting data having an [. component among
pulse response data measured at a low sampling rate.

FIG. 19 is a block diagram showing still another specific
example of the equivalent circuit parameter measuring unit
24¢. Components having the same or corresponding ones in
FIG. 3, 6, or 14 are given the same reference symbols as the
latter. A spike data correcting unit ell shown in FIG. 19
performs a spike correction on waveform data stored in the
waveform data storage unit c1. The circuit constants esti-
mator c4 estimates circuit constants through constant fitting
on the basis of impedance data stored in the impedance data
storage unit ¢3 and analysis conditions etc. that are set
through the analysis condition storage unit c8 and calculates
an impedance characteristic curve on the basis of the esti-
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mated circuit constants. A calculation result of the circuit
constants estimator c4 is stored in the circuit constant
storage unit c6.

FIG. 20 is a flowchart of a process that the spike data
correcting unit c10 corrects inductance [. components of
waveform data with spikes. In FIG. 20, i(t) represents tth
current sampling data, v(t) represents a tth voltage sampling
data, and sr denotes a coeflicient or detection of a spike. A
trigger level serves to detect a rise and a fall of a pulse.

At step S1, waveform data of t=1 is selected. At step S2,
to judge whether or not the data belongs to a rise of a pulse,
T is set to t and it is judged whether a condition i(t)>(trigger
level) is satisfied or not. If this condition is satisfied, it is
judged that the data belongs to a rise of the pulse. The
process moves to step S3, where T is set to t and a flag is set
to “false,”

At step S4, to judge whether a spike has been detected or
not, it is judged whether a condition v(t)>srxv(t+l) is
satisfied or not. If this condition is satisfied, it is judged that
a spike has been detected and the process moves to step S5,
where the fiat is set to “true” and v(t) and i(t) are made equal
to v(t-1) and i(t-1), respectively. At step S6, waveform data
of t=T is selected. If the condition is not satisfied at step S4,
it is judged that no spike has been detected and the process
moves to step S6 directly.

At step S7, to judge whether or not the data belongs to a
fall of the pulse, it is judged whether a condition i(t)<(trigger
level) is satisfied or not. If this condition is satisfied, it is
judged that the data belongs to a fall of the pulse. At step S8,
to judge whether a spike correction should be performed, it
is judged whether the flag is “true” or not. If this condition
is satisfied, it is judged that a spike correction should be
performed and the process moves to step S9, where v(t) and
i(t) are made equal to v(t-1) and i(t-1), respectively. Then,
the process is finished. If the condition is not satisfied at step
S8, it is judged that no spike correction should be performed
and the process is finished.

FIGS. 21A and 21B illustrate example results of equiva-
lent circuit fitting that was performed using waveform data
with spikes as corrected according to the process of FIG. 20.
FIG. 21A shows an impedance characteristic curve, and
FIG. 21B shows deviations of the circuit constants from true
values before and after the correction. All the corrected
circuit constants are closer to the true values than the
uncorrected ones.

FIG. 22 is a block diagram showing another specific
example of each power and impedance calculator 24. As
shown in FIG. 22, the power and impedance calculator 24
takes in not only a voltage signal V and a current signal I but
also a temperature signal T from the associated one of the
battery cells 11,-11,,.

The temperature signal T which is output from a tem-
perature sensor (not shown) is input to an A/D converter 24n
via an anti-aliasing filter 24m, and output data of the A/D
converter 24r is input to an equivalent circuit parameter
measuring unit 24c.

The impedance characteristic of a battery varies to a large
extent depending on the temperature environment. There-
fore, to produce a degradation-battery capacity-impedance
table, it is indispensable to employ a temperature parameter,
Therefore, as shown in FIG. 22, it is effective to have a
temperature monitoring result of the associated one of the
battery cells 11,-11 , reflected in the power and impedance
calculator 24.

The embodiment of FIG. 1 is directed to a case that the
actual load is the vehicular driving system in which the
accelerator L1, the inverter L2, and the motor L3 are
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substantially connected to each other and an impedance
characteristic is estimated on the basis of how an output
voltage waveform of each of the battery cells 11,-11,, and an
output current of the current sensor 12 vary as they rise or
fall stepwise. Where the actual load does not produce
high-frequency components, impedance estimation to a
high-frequency range is enabled by connecting a pseudo-
load device DL to the actual load in parallel and causing it
to generate a waveform containing high-frequency compo-
nents.

Example output waveforms of the pseudo-load device DL
are a rectangular wave and a triangular wave. It is appro-
priate that the pseudo-load device DL be configured so as to
produce various amplitude values taking a battery discharge
rate, for example, into consideration.

In addition, the power and impedance calculator 24 that is
used in the invention may be packaged in an ultra-compact
size by using a semiconductor integrated circuit technology,
and even in the case of being mounted in each battery cell
of a battery module that is mounted, for example, in a
vehicle, the power and impedance calculator 24 may be used
as long as a minuscule space is secured.

FIG. 24 is a block diagram of a battery system according
to another embodiment of the invention. Components hav-
ing the same or corresponding ones in FIG. 1 are given the
same reference symbols as the latter. Referring to FIG. 24,
a load control unit LC drives and controls a load device L
such as a vehicle driving system according to a preset,
prescribed load program.

This makes it possible to reproduce a running state that
cannot be realized in an actual run and to thereby measure,
with the power and impedance calculators 24,-24,, how a
resulting load variation influence the battery module 10.

FIG. 25 is a block diagram showing a further specific
example of the equivalent circuit parameter measuring unit
24¢ shown in FIG. 2. Components having the same or
corresponding ones in FIG. 6 are given the same reference
symbols as the latter. In the equivalent circuit parameter
measuring unit 24¢ of FIG. 25, a current waveform analyzer
c12 and a second circuit constants estimator c13 are added
to the calculator.

A description will be made of a process for measuring an
impedance characteristic (shown in FIG. 26) of a battery
using a device which incorporates the equivalent circuit
parameter measuring unit 24¢ of FIG. 25. It is assumed that
an equivalent circuit shown in FIG. 27 is used.

It is seen from FIG. 26 that the impedance characteristic
of the battery have features in respective frequency regions.
The impedance characteristic is dominated by inductance in
a frequency range that is higher than or equal to 1 kHz,
dominated by conductance in a frequency range of 1 Hz to
1 kHz, and is dominated by a CPE (constant phase element)
(i.e., approximately proportional to ) in a frequency range
that is lower than or equal to 1 Hz. The CPE is given by the
following equation:

CPE= ——
T(jwy

The process will be described with reference to FIGS. 24
and 25.

1) A proper current load is given to the battery module 10
from the load device L such as a vehicle driving system.

2) The accelerator work monitor 27 monitors the load
generation state on the basis of an acceleration variation
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signal, and outputs a measurement start instruction to each
power and impedance calculator 24 with proper timing via
the battery module state manager 26.

3) Upon completion of a measurement, in each power and
impedance calculator 24, the current waveform analyzer c12
analyzes the shapes of current waveform data and only data
that satisfies conditions (e.g., the discharge pulse width is
500£10 ms and 10 seconds or more have elapsed since the
termination of a discharge) that are set in the analysis
condition storage unit c8 is stored in the waveform data
storage unit c1.

Steps 1) to 3) are repeated until waveform data that
satisfies the preset, prescribed conditions is acquired.
Although in the configuration of FIG. 2 a sampling rate as
a condition is set on the basis of the acceleration variation
signal, it may be set in the analysis condition storage unit c8.

4) After the acquisition of the data, the second circuit
constants estimator c13 reads the waveform data that satis-
fies the prescribed conditions from the waveform data
storage unit c1, and performs the following circuit constants
estimation calculation. It is assumed that an equivalent
circuit model to be used has already been selected by the
circuit model selector c9.

4-1) First, as shown in FIG. 28, R1, R2, C2, R3, C3, and
a CPE (p and T) are estimated in such a manner that the
overall interval of the waveform data that satisfies the
prescribed conditions is employed as a fitting subject inter-
val. In this embodiment, since a measurement pulse has a
width 500 ms, the duty ratio of the fitting subject waveform
is shorter smaller than or equal to 0.05. This is to obtain a
feature in a frequency range that is lower than or equal to 1
Hz, that is, p and T of a CPE.

The solid line shown in FIG. 29 represents an impedance
characteristic derived from circuit constants that were esti-
mated in the above-described manner. The characteristic
plotted with mark “+” is a characteristic obtained through a
measurement with, application of an AC-voltage-superim-
posed waveform. With an assumption that the latter char-
acteristic is a true one, it is seen that the estimation accuracy
was high in a low-frequency range but low in a high-
frequency range.

The above estimation result is explained as follows. In the
estimation of FI1G. 29, the fitting was performed using a time
waveform that lasts more than 10 seconds which is far
longer than a very short time during which a variation of a
feature having a short time constant appears remarkably.
Therefore, a feature approximately in the frequency range of
0.1 Hz to 1 Hz for which many time-domain samples were
produced was mainly subjected to fitting, as a result of
which relatively large errors occurred on the high-frequency
range where a variation in a very short time is important.

4-2) Then, the portion, in the interval of O to 1 second, of
the waveform data that satisfies the prescribed conditions is
extracted as a fitting subject portion (see FIG. 30). And R1,
R2, C2, R3, and C3 are estimated again in such a manner
that the CPE (p and T) determined at substep 4-1) are made
fixed constants. At this time, the duty ratio of the fitting
subject waveform is about 0.5. This is to obtain features in
the frequency range that is higher than or equal to 1 Hz, that
is, R and C constants.

It is assumed that R5 and L5 are fixed values because they
are independent of the reaction system of the battery and are
determined by the structure of the battery.

Initial values of the respective circuit constants may be set
arbitrarily. However, when the speed of convergence on a
solution and practical operation of a degradation diagnosis
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are taken into consideration, it is desirable to employ con-
stant values of a characteristic before degradation.

FIG. 31 shows an impedance characteristic derived on the
basis of re-estimated circuit constants. The deviation of the
characteristic drawn by the solid line from the characteristic
plotted with mark “+” is much reduced from that of FIG. 29.
This is explained as follows. In the estimation of FIG. 29, the
fitting was performed using a time waveform that lasts more
than 10 seconds which is far longer than a very short time
during which a variation of a feature having a short time
constant appears remarkably. Therefore, a feature approxi-
mately in the frequency range of 0.1 Hz to 1 Hz for which
many time-domain samples were produced was mainly
subjected to fitting, as a result of which relatively large
errors occurred on the high-frequency range where a varia-
tion in a very short time is important.

5) The circuit constants obtained at step 4) are transferred
to the battery module state manager 26. The battery module
state manager 26 judges a degradation state of the battery on
the basis of the circuit constants, and informs the battery
system controller 40 of a judgment result.

As described above, measurement data are acquired at
such a time resolution and in such a time span that optimum
estimation of a time constant of reaction occurring in a
battery is enabled according to the reaction time constant.
And constants of equivalent circuit elements that are con-
sidered to govern the time constant are estimated using those
measurement data. This is done for each time constant. In
this manner, the accuracy of estimation of equivalent circuit
constants can be increased.

Common optimal solution search algorithms such as a
gradient method, a heuristic method, and a direct method
can be used for the fitting of equivalent circuit constants.

The load control unit L.C which is provided in FIG. 24 is
effectively used also in the battery system of FIG. 23 which
uses the pseudo-load device DL, because it makes it possible
to drive and control the load device L (vehicle driving
system) according to a preset, prescribed load program.

FIG. 37 is a schematic diagram showing a hardware
configuration of the battery monitoring device 20 according
to the present embodiment. As shown in FIG. 37, the battery
monitoring device 20 includes a CPU 101, a reader 102, a
memory 103, a storage device 104, a communication unit
105 and a user interface 106. The CPU 101 (for example, a
processor) may serve as the power and impedance calcula-
tors 24, to 24,, the battery module state manager 26 and the
accelerator work monitor 27 shown in FIG. 1.

The memory 103 may be any type of memory such as
ROM, RAM or a flash memory. The memory 103 may serve
as a working memory of the CPU 101 when the CPU 101
executes a program. The storage device 104 is configured to
store programs to be executed by the CPU 101 and/or data
generated by the respective units. The storage device 104
may be any type of storage device such as a hard disk drive
(HDD) or solid state drive (SSD). A program which includes
instructions for causing the CPU 101 to execute respective
operations performed by the battery monitoring device 20
may be stored in the storage device 104 or in a computer-
readable medium such as a Blue-ray Disc (trademark),
DVD, a CD, a floppy disc, a flash memory, or magneto-
optical (MO) disc. The reader 102 is configured to read the
program stored in the above-computer readable medium into
the memory 103. The program may be also downloaded
from another device (for example, a server) on a network
(for example, the Internet) through the communication unit
105. With this configuration shown in FIG. 37, the CPU 101
is configured to implement the respective operations per-
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formed by the battery monitoring device 20 according to the
program read from the reader 102 or downloaded through
the communication unit 105.

In addition, in the respective embodiments, a description
was made with respect to an example in which the internal
impedance of each of the battery cells of the battery module
that is mounted in the vehicle is measured, but the battery
impedance measuring device of the invention is also effec-
tive for the monitoring of a storage battery that is provided
in a power plant, a household power storage system, and the
like other than the vehicle.

As described above, according to the invention, a battery
monitoring device, which measures an internal impedance
characteristic of a battery in real time in the on-site such as
a vehicle, a power plant, a household power storage system,
and the like that actually use the battery and which monitors
a battery state in real time, may be realized.

What is claimed is:

1. A battery monitoring device for real-time measurement
and monitoring of a battery module driving an actual load
and having a plurality of battery cells connected together in
series, comprising:

a plurality of power and impedance calculators each
provided for one of the plurality of battery cells, and
configured to receive voltage signals and current sig-
nals from the plurality of battery cells, respectively and
to measure instantaneous power values and internal
impedance characteristics of the plurality of battery
cells, respectively;

a battery module state manager configured to receive
output data of the plurality of power and impedance
calculators via an internal bus,

a load state monitor configured to monitor a state of load
of the battery module, and to input a detection signal to
the plurality of power and impedance calculators and
the battery module state manager; and

an accelerator work monitor configured to monitor move-
ment of the accelerator which is part of a vehicle
driving system as a load device of the battery module,
and to supply the resulting detection signal to the
plurality of power and impedance calculators and the
battery module state manager,

wherein, based on a detection signal of variation of at
least one of an accelerator, current, voltage, or a power
waveform, a condition occurs, the condition compris-
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ing extraction of at least one of the current, voltage, or
power waveform, and setting at least one of a sampling
clock frequency, correction of measurement data, or a
frequency analysis,

wherein each of the plurality of power and impedance

calculators is configured to acquire measurement data
at such a time resolution and based on a time span that
optimum estimation of a time constant of reaction
occurring in a battery cell is enabled according to the
reaction time constant, and to estimate constants of an
equivalent circuit that are considered to govern the time
constant using the acquired measurement data.

2. The battery monitoring device according to claim 1,
wherein each of the plurality of power and impedance
calculators is configured to perform discrete Fourier trans-
formation or fast Fourier transformation, and to estimate
constants of an equivalent circuit that exhibits an internal
impedance characteristic of the associated battery cell in a
desired frequency domain on the basis of results of the
discrete Fourier transformation or fast Fourier transforma-
tion.

3. The battery monitoring device according to claim 1,
wherein the power and impedance calculators are configured
to receive pieces of temperature information of the plurality
of battery cells, respectively.

4. The battery monitoring device according to claim 1,
further comprising: a pseudo-load device connected to the
actual load in parallel and configured to generate a wave-
form including high-frequency components.

5. The battery monitoring device according to claim 1,
further comprising: a load control unit configured to drive
and control the actual load according to a load program.

6. The battery monitoring device according to claim 1,
wherein one of the plurality of power and impedance
calculators comprises an accelerator variation amount detec-
tor, a clock controller, and a variable clock generator.

7. The battery monitoring device according to claim 1,
wherein one of the plurality of power and impedance
calculators comprises a power measuring unit and a power
information storage unit.

8. The battery monitoring device according to claim 1,
wherein the data from the battery monitoring device com-
prises trend data of instantaneous power of each of the
battery cells.



